CONVERSION FACTORS, ABBREVIATED WATER-QUALITY UNITS

GEOHYDROLOGY AND GROUND-WATER QUALITY OF WARWICK TOWNSHIP, BUCKS COUNTY, PENNSYLVANIA
by Philip H. Bird ABSTRACT Warwick Township is an 11.14-square-mile area located in the Newark Basin. Ninety-nine percent of the area is underlain by Triassic-age sedimentary rocks of the Stockton and Lockatong Formations. Ground water in the sedimentary rocks moves through interconnected secondary openings joints, fractures, and bedding-plane separations. High transmissivity beds are separated by low transmissivity beds, forming a leaky multiaquifer ground-water system. Water in the shallow part of the aquifer is unconfined and is semiconfined or confined in the deeper part. Most deep wells are multiaquifer wells and penetrate several water-bearing zones.
The frequency of occurrence of water-bearing zones decreases with depth. Sixty-seven percent of the water-bearing zones in the Stockton Formation and 37 percent of the waterbearing zones in the Lockatong Formation are within 200 feet of land surface. On the basis of the median specific capacity of domestic and nondomestic wells, the Stockton Formation is the more productive of the two hydrogeologic units. The Stockton Formation also has higher median well yields than the Lockatong Formation.
A water budget for an unnamed tributary to Little Neshaminy Creek was calculated for calendar years 1994-95. Average annual precipitation was 48 inches, average annual evapotranspiration and other losses were 32.1 inches, average annual streamflow was 15.2 inches, and the average annual change in ground-water storage was an increase of 0.1 inch. The average estimated recharge for the period was 7.4 inches or 0.36 million gallons per day per square mile.
The median pH of water from wells in the Stockton Formation (6.7) is slightly acidic; the median pH of water from wells in the Lockatong Formation (7.0) is neutral. The median concentration of dissolved oxygen in water from wells in the Stockton Formation (2.2 mg/L) is lower than water from wells in the Lockatong Formation (5.2 mg/L). Median total concentrations of dissolved solids in the Stockton Formation (234 mg/L) and the Lockatong Formation (240 mg/L) are similar. Water from only 1 of 16 wells sampled exceeds the U.S. Environmental Protection Agency (USEPA) secondary maximum contaminant level (SMCL) for total dissolved solids. One of 16 samples exceeds the USEPA action level for lead, and 1 of 16 samples exceeds the SMCL for sulfate; these wells are in the Stockton Formation. The median nitrate concentration of water from wells in both formations is similar, 2.8 mg/L for the Stockton Formation and 2.0 mg/L for the Lockatong Formation. Of 16 water samples from wells, none exceeds the USEPA maximum contaminant level (MCL) for nitrate. Volatile organic compounds were detected in four of five wells sampled; the most commonly detected compound was methyl tert butyl ether (four of five wells). One of five samples exceeded the USEPA MCL for trichloroethylene.
INTRODUCTION
Warwick Township is in south-central Bucks County ( fig. 1 ), which has one of the fastest growing populations in Pennsylvania. The Bucks County Planning Commission (1984) estimated that the township population would increase as much as 416 percent between 1980 and 2000. Because of the rapidly increasing population, demand for water for public, commercial, and industrial uses also has increased greatly in recent years. Increased withdrawals from wells may lead to a decline in ground-water levels and may cause reductions in ground-water availability and streamflow, as are now occurring in other areas of southern Bucks County (Sloto and Davis, 1983) . In response to the need for information about the ground-water resources in Warwick Township, the U.S. Geological Survey (USGS), in cooperation with Warwick Township, conducted the study described in this report.
PURPOSE AND SCOPE
This report provides data and analysis on the geology and ground-water resources in Warwick Township, Bucks County, Pa. It presents a statistical analysis of hydrologic data from 114 wells and chemical analyses from 16 wells. This report describes the hydrogeologic system, a water-budget analysis of a small representative basin, and ground-water/surface-water relations. It also presents statistical summaries of water-quality data. 
LOCATION AND PHYSIOGRAPHY
Warwick Township ( fig. 1 ) is an 11.14-mi2 area in south-central Bucks County. It is drained by the Neshaminy and Little Neshaminy Creeks and their tributaries. The Neshaminy Creek forms most of the township's northern border, and the Little Neshaminy Creek forms the northern half of the eastern border. The floodplain of Neshaminy Creek is bordered by steep hillsides. Little Neshaminy Creek flows through the southern half of the township. It is bordered by hills to the north and east and by gently rolling fields to the south. These streams are tributaries to the Delaware River.
Warwick Township is in the Mesozoic-age Newark Basin of the Piedmont Physiographic Province. It is underlain by the Triassic-age sedimentary rocks of the Lockatong and Stockton Formations. The Stockton Formation is intruded in the northwest by a Jurassic-age diabase dike. The Lockatong Formation forms the higher, northeastern half of the township.
CLIMATE
Warwick Township has a humid continental climate with warm summers and moderately cold winters. The normal mean annual temperature at Neshaminy Falls, Pa., 7 mi. southeast of the township, is 51.7°F (Owenby and Ezell, 1992) . For the coldest month, January, the normal mean temperature is 28.3°F, and for July, the warmest month, the normal mean temperature is 73.8°F.
The normal annual precipitation at Neshaminy Falls is 47.47 in. (Owenby and Ezell, 1992) . Precipitation is nearly evenly distributed throughout the year; thunderstorms account for slightly higher precipitation in July and August.
WELL-NUMBERING SYSTEM
Well-identification numbers used in this report consist of a county abbreviation prefix preceding a sequentially assigned well number. The prefix BK denotes a well located in Bucks County. Well locations are shown on figure 2. Data for these wells are given in table 13 at the end of the report.
BOREHOLE GEOPHYSICAL LOGGING
Caliper, natural-gamma, single-point-resistance, fluid-temperature, and fluid-resistivity logging was conducted at seven wells (table 1) . The locations of these wells are shown on figure 2. The geophysical logs provide information on well construction, formation properties, and fluid properties within the well. Keys (1990) discussed the application of borehole geophysical methods to water-resources investigations. Fluidvelocity measurements were made when fluidtemperature and fluid-resistivity logs indicated flow in the well. A borehole television survey was conducted in one well (BK-1845).
The caliper log provides a record of borehole (well) diameter, which is determined by drilling technique, lithology, and fracturing. The log is used to identify fractures and possible fluid-bearing openings, to correlate lithostratigraphy, and to adjust other geophysical logs for variations caused by changes in well diameter.
Natural-gamma logs record gamma-ray emissions from the decay of naturally occurring radioactive isotopes in rocks penetrated by the borehole. Uranium-238, thorium-232, their daughter isotopes, and potassium-40 are the most common natural-gamma emitting isotopes. These elements are commonly found associated with clay because of ion-exchange and adsorption. Therefore, fine-grained sedimentary rocks such as shale, siltstone, and argillite generally emit more natural-gamma radiation than do sandstones or conglomerates.
Single-point-resistance logs, also known as electric logs, record the electrical resistance measured between an electrode placed in the ground near the wellhead and an electrode lowered into the borehole. A water-filled borehole is required, and the logs are only valid for the saturated zone below the casing. Resistance generally decreases with density of water-bearing fractures, borehole diameter, and increasing dissolved solids concentration in the borehole fluid. Single-pointresistance logs aid in the identification of waterbearing zones and, with natural-gamma logs, in the correlation of lithostratigraphy.
Fluid-temperature logs record borehole fluid temperature for the length of the borehole. These logs are used to locate intervals of vertical borehole flow and possible water-producing and water-receiving zones. Vertical fluid flow is identified by zones of little or no temperature change. Boreholes with no vertical flow generally show decreasing fluid temperature in the upper part of the well and an increasing temperature gradient in the lower part of the well as a function of the geothermal gradient.
Fluid-resistivity logs record changes in the electrical resistance of the borehole fluid along the length of the borehole. This log measures changes in the concentration of dissolved solids in the borehole fluid and is used to help identify intervals of fluid flow and to locate water-producing and water-receiving zones. Sharp changes in fluid resistivity indicate zones of water production and water reception, and intervals of fluid flow are identified by a low fluid-resistivity gradient between water-producing and waterreceiving zones.
Direction and rate of borehole fluid flow are measured with a heat-pulse flowmeter. All flow is diverted through the tool, and the fluid is heated instantaneously by an electrified grid within the tool. The heated fluid is subsequently detected at one of two thermistors located above and below the heating grid. The interval between heating and detection is recorded by the analysis software, which calculates flow rate and direction. The range of flow measurement with this method is approximately 0.05-1.5 gal/min in a 2-to 8-in. well.
Direction and rate of borehole fluid flow also can be determined by the "brine-tracing" method, where the vertical movement of a highconductance fluid slug is monitored with the fluid-resistivity tool. The lower limit of flow measurement with this method is approximately 0.5 gal/min in a 6-in. well.
A borehole television survey was conducted with a waterproof video camera with a very wide angle lens. Images were recorded on tape with a standard video cassette recorder, and selected features were "captured" onto a personal computer to produce the images in this report.
PREVIOUS INVESTIGATIONS
The geology and mineral resources of Bucks County were discussed and mapped by Willard and others (1959) . The geology of much of the area also was described by Bascom and others (1931) . The area is included on the geologic map of Lyttle and Epstein (1987) . Rima and others (1962) described the geology and hydrology of the Stockton Formation.
A study was done on the effect of urbanization on the water resources of adjacent Warminster Township by Sloto and Davis (1983) . A map of the potentiometric surface in Warwick Township was done for this study by Rowland (1997) . Hydrologic and water-quality data were collected for adjacent townships in northern Bucks County by Schreffler and others (1994) , and the hydrogeology and ground-water quality of northern Bucks County were described by Sloto and Schreffler (1994) . Geohydrology and open borehole cross-contamination in the Stockton Formation were studied in Hatboro Borough and adjacent Warminster Township by Sloto and others (1996) . Geohydrology and vertical distribution of organic compounds in ground water at the Fischer and Porter Company Superfund Site in adjacent Warminster Township were studied by Sloto and others (1995) .
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GEOLOGY
Warwick Township is underlain by Upper Triassic-age sedimentary rocks of the Newark Basin. A dike of Jurassic-age diabase, an intrusive crystalline rock composed mostly of calcic plagioclase and augite, covers about 7 acres along the northwestern border of the township ( fig. 2) . The diabase has no primary porosity and is highly resistant to weathering; therefore it is not an important source of ground water. This dike will not be discussed in this report.
STOCKTON FORMATION
The Stockton Formation ( fig. 2) underlies the southern and western areas of the township. It is the oldest of the Newark Basin sediments and forms its basal unit. The Stockton lies unconformably over crystalline rocks of Paleozoic and Precambrian age. The formation includes alluvial fans, fluvial and lacustrine sandstones, mudstones, and siltstones (TurnerPeterson and Smoot, 1985) . The rocks contain mudcracks, channels, ripple marks, and minor burrows. The bedding of the strata is not uniform; crossbeds and pinch-and-swell structures are common. Beds in the formations are commonly lens-shaped and discontinuous.
The Stockton Formation dips from 10° to 15° to the north-northwest in the southern part of the township and 5° to 15° to the east-southeast near the western edge. The Stockton is estimated to be 6,000 ft thick in the center of the basin at the Bucks-Montgomery County border (Rima and others, 1962) .
The Stockton Formation is lithologically diverse; the rocks differ in texture, color, and bedding. The common characteristic of Stockton rocks is their high arkose content, although lesser amounts occur in the upper several hundred feet (Willard and others, 1959) . The rocks include interbedded conglomerate, arkose, arkosic sandstone, siltstone, and shale. Texture generally grades from coarse conglomerates in the lower half to fine-grained sandstones and shale in the upper half. Color ranges from light gray to yellow, brown, and red. Rapid lithologic changes are common, and beds may grade from fine to coarse grained in a few yards (Willard and others, 1959) .
The Stockton Formation interfingers with and is overlain conformably by the Lockatong Formation. The Stockton-Lockatong boundary is considered to be the base of the lowest continuous black siltstone bed (Olsen, 1980) .
LOCKATONG FORMATION
The Lockatong Formation ( fig. 2 ) underlies the northern and eastern areas of the township. It conformably overlays and interfingers with the Stockton Formation. The lithology of the Lockatong Formation is fairly homogenous and includes detrital and chemical-lacustrine sediments. The detrital rocks are dark gray to black, calcareous, pyritic siltstone and shale in the lower part overlain by dark gray, calcareous siltstone and fine-grained sandstone (Van Houten, 1962) . The chemical-lacustrine rocks are dark gray to black, dolomitic siltstone and marlstone with lenses of pyritic limestone in the lower part, overlain by red or gray analcime-and carbonaterich siltstone. These rocks are non-fissile and are very resistant to weathering. Willard and others (1959) refer to these rocks as argillite, a term meaning a tough, firmly cemented, non-fissile, argillaceous (composed of clay or clay sized particles) rock. Dark red shale, siltstone, and marlstone interfinger with gray beds, especially in the upper and western parts, but differ from the gray beds mainly in color. Pyrite and calcite crystals up to 1/4-in. long are scattered throughout the beds. Rock containing sufficient calcite to be considered an argillaceous limestone occurs in beds up to a few feet thick (Willard and others, 1959) . The rocks contain shrinkage cracks, mudcracks, ripple marks, root disruptions, and burrows. Bedding is generally even and commonly about a foot thick, although some beds may be massive. In some places, the contact between red and gray beds is sharp; in most others, there is a brownish-to purplish-gray transition rock, which is a few inches to a few feet thick. Where the contact is sharp, the gray is commonly suncracked, and the cracks are filled with red sediment (Willard and others, 1959) . No examples of cracked red shale filled with gray have been found.
The Lockatong Formation dips from 3° to 30° to the east-northeast in the Jamison-Bridge Valley area; the lowest dip is just west of Jamison and the highest dip is east of Bridge Valley. In the northeast area, dip varies from 5° to 19° to the north-northeast. The maximum thickness of the formation is estimated to be 3,900 ft (Lyttle and Epstein, 1987) . 
RELATION OF GEOLOGY TO GROUND-WATER FLOW
The hydraulic properties of aquifers and the characteristics of ground-water-flow systems are related to the subsurface geology. In the weathered zone, ground water moves through intergranular openings resulting from weathering. Permeability of the weathered zone may be reduced locally because of increased amounts of clay resulting from weathering. Below the weathered zone, ground water moves through interconnected secondary openings joints, fractures, and bedding-plane separations. Permeability may be higher in zones where cementation has been partially removed, but this is generally restricted to conglomerates and some sandstones.
The ground-water system consists of a series of beds with differing hydraulic properties. Soft shale beds deform rather than break under pressure and act as confining units; harder sandstone and conglomerate beds fracture and thus become more permeable. This results in a series of high-transmissivity beds separated by confining or semiconfining units. Ground water in the high-transmissivity beds may be under different pressures, resulting in different hydraulic heads. Because most deep wells penetrate several of these units, the hydraulic head in deep wells is a composite head. If the composite head in a well is above the land surface, the well will flow; if it is below an upper water-bearing zone, water in the well will cascade. When head differences exist in the well, water will flow under non-pumping conditions from zones of higher head to zones of lower head. If the flow is downward, a cone of depression may form, lowering water levels locally.
Ground-water flow in the Triassic-age formations is anisotropic; flow is generally in the direction of strike . Increased compression with depth closes many water-bearing openings, so that continuity of the water-bearing network is along strike, where depth to individual beds is constant. Wells drilled along strike will intersect the same beds, whereas wells drilled along dip will seldom penetrate the same units. Therefore, pumping influence on nearby wells is greatest for wells along strike, and cones of depression in the Triassic formations are usually elliptical, with the long axis along strike . In some cases, ground-water flow may not be normal to lines of equal hydraulic head but may trend toward strike because of the decrease of water-bearing openings with depth along dip.
STOCKTON FORMATION
The Stockton Formation underlies 51.3 percent of Warwick Township. The conglomerates and sandstones of the Stockton are poorly cemented and easily fractured, resulting in higher well yields than those obtained in the Lockatong Formation, which is largely siltstone. Recharge to the Stockton is aided by its generally lower elevations than the Lockatong and lesser amounts of clay in the weathered zone. The caliper log of well BK-2698 shows numerous small fractures from 60 to 180 ft bis ( fig. 8 ). The natural-gamma and single-pointresistance logs indicate shale to 124 ft bis, sandstone from 124 to 151 ft bis, shale from 151 to 176 ft bis, and sandstone from 176 to 220 ft bis. Irregular inflections at 98 ft and 149 ft appear in the fluid-resistivity log but not in the fluid-temperature log; this indicates influence from a nearby pumping well, rather than vertical or horizontal flow under ambient conditions. The pump in BK-2861, 75 ft northwest, was disconnected during logging; the nearest pumping wells are BK-2721, a domestic well approximately 600 ft northeast of BK-2698, and BK-2825, a nondomestic well approximately 900 ft east. It is uncertain which of these wells is influencing well BK-2698. Potential water-producing zones in well BK-2698 are at 60, 97, and 150 ft bis. Wells BK-2698 and BK-2861 are approximately 75 ft apart along strike. A correlation of natural-gamma and single-point-resistance logs from both wells shows that they penetrate the same beds, although well BK-2698 is deeper ( fig. 10 ). The driller reported that development of wells BK-2698 and BK-2861 showed that pumping one had no effect on the other.
LOCKATONG FORMATION
The Lockatong Formation underlies 48.6 percent of Warwick Township. It has little permeability, and ground water moves through a poorly interconnected system of joints and fractures. The Lockatong weathers to clay, which plugs fractures in the weathered zone and causes ground water to be confined. The filled fractures impede recharge, as do the higher elevations common in areas underlain by this formation Well BK-2864 is drilled 265 ft into the Lockatong Formation. The natural-gamma and single-point-resistance logs indicate that the lithology is entirely shale, suggesting this well is entirely in the Lockatong Formation ( fig. 12 ). The fluid-temperature and fluid-resistivity logs indicate no borehole flow under ambient conditions. The heat-pulse flowmeter measured no flow at 47 ft bis. The caliper log shows few fractures below the casing, but several constrictions within the casing. These constrictions are probably the result of damage to the casing caused by land-grading operations at the site. 
AQUIFER AND WELL-CONSTRUCTION CHARACTERISTICS
The hydrologic properties of the Stockton and Lockatong Formations are discussed in the following sections.
WATER-BEARING ZONES
Primary porosity below the weathered zone is practically nonexistent in Triassic-age sedimentary rocks. Ground water moves through interconnected secondary openings. The size and number of these openings determines secondary porosity; the extent of interconnection determines permeability. Where a formation is highly fractured, well yields will be high. 
WELL YIELD
Well yields reported for wells in Warwick Township are given in table 3. Yield is reported in gallons per minute. Aquifer characteristics that determine well yield are porosity and permeability of the rock, and the number, size, and interconnection of water-bearing zones penetrated. A yield of 6 gal/min is considered adequate for most domestic uses; public supply and irrigation may require hundreds of gallons per minute (Paulachok and Wood, 1988) . Wells drilled in the Stockton Formation yield more water than do wells drilled in the Lockatong Formation. The median yield of nondomestic wells in the Stockton Formation is 125 gal/min, and the median yield of nondomestic wells in the Lockatong Formation is 32.5 gal/min. The median yield of domestic wells in the Stockton Formation is 19 gal/min, and the median yield of domestic wells in the Lockatong Formation is 15 gal/min. Some wells in Warwick Township are drilled through the Lockatong Formation into the underlying Stockton Formation. Warwick Water and Sewer Authority public-supply wells 4, 5, 6, and 8 (BK-1243, BK-1241, BK-1296, and BK-1242, respectively) are started in the Lockatong Formation and are reported to be completed fig. 11) , drilled between wells BK-1243 and BK-1241, support this conclusion. The Lockatong-Stockton contact is reported to be at 248 ft bis in well BK-1241, and the naturalgamma log of well BK-2699 shows the contact to be at approximately 394 ft. Primary water contribution to these wells is probably from the Stockton Formation; therefore, these four wells are considered to be in the Stockton Formation.
SPECIFIC CAPACITY
The specific capacity of a well is calculated by dividing the pumping rate by the drawdown in water level and is reported in gallons per minute per foot of drawdown. Because it takes drawdown into account, it is a better measure of productivity than yield alone. Specific-capacity data for wells in Warwick Township were from the records of consultants and drillers (table 13). The specific capacity of wells drilled in the Stockton Formation is higher than that of wells drilled in the Lockatong Formation. The median specific capacity of nondomestic wells in the Stockton Formation is 1.3 (gal/min)/ft (table 3), and the median specific capacity of nondomestic wells in the Lockatong Formation is 0.18 (gal/min)/ft. The median specific capacity for domestic wells in the Stockton Formation is 0.20 (gal/min)/ft, and the median specific capacity for domestic wells in the Lockatong Formation is 0.12 (gal/min)/ft. TRANSMISSIVITY Transmissivity is the rate at which water is transmitted through an aquifer under a hydraulic gradient. It is usually determined by an aquifer test. An aquifer test measures drawdown and recovery rates in a well pumped at a constant rate and nearby observation wells. Most aquifer tests, however, are based on assumptions that do not apply to fractured-rock aquifers. Median transmissivity of the Stockton Formation in northern Bucks County, on the basis of analyses of seven aquifer tests, is 410 ft2/d; the median transmissivity of the Lockatong Formation in northern Bucks County, on the basis of three aquifer tests, is 820 ft /d . This high median transmissivity for the Lockatong may be a consequence of the small sample size and because only high-yielding wells were tested. This shows that high-yielding production wells can be drilled in the Lockatong Formation, even though wellyield and specific-capacity data show it to be a low-yielding aquifer.
WELL DEPTH AND CASING LENGTH
The drilling of a well normally ends when the well yields sufficient water for the planned use. Casing is usually set a few feet into unweathered bedrock. Casing lengths and well depths for wells inventoried in Warwick Township are shown in table 4. 
WATER LEVELS
Water levels were measured in approximately 80 wells on a one-time basis to construct a potentiometric-surface map (Rowland, 1997) . The potentiometric surface represents the level to which water in a well will rise; this is the static hydraulic head in the well. The hydraulic head is a composite where a well penetrates more than one water-bearing zone. The water table is the potentiometric surface for an unconfined aquifer. Six wells were measured monthly from January 1994 to December 1995. The measurements were used in determining change in ground-water storage.
WATER-LEVEL FLUCTUATIONS
Water levels in an aquifer fluctuate in response to recharge from precipitation and discharge to pumping wells, streams, and evapotranspiration. Water-level changes are seasonal. Water levels usually rise in late fall, winter, and early spring when evapotranspiration is low and recharge from precipitation is high. Water levels usually decline in late spring, summer, and early fall when evapotranspiration is high and recharge is low ( fig. 13 ).
DEPTH TO WATER
Depth to water varies with topography, geology, and proximity to a discharge area. Depth to water may be lower where nearby pumping wells create a local cone of depression. A cone of depression is a depression in the potentiometric surface in the shape of an inverted cone; it defines the area of influence of the pumping well. A cone of depression has formed in northwest Warwick Township around public supply wells BK-1316 (Warwick well no. 3) and BK-1196 (Doylestown south well no. 7) (Rowland, 1997). Median water levels in the Lockatong Formation for domestic and nondomestic wells were higher than water levels in wells in the Stockton Formation. Measured depths to water are shown in table 5.
WATER BUDGET
A water budget is an estimate of all water entering and leaving a basin over a specific time interval. Water enters the basin as precipitation and as water imported from sources outside the basin. Water leaves the basin as streamflow, evapotranspiration, and as water exported to locations outside the basin. The budget also must take into account changes in ground-water storage. The general equation that represents this budget is P = SF + AGWS + GWP + ET,
(1) where P is precipitation, SF is streamflow, AGWS is change in ground-water storage, GWP is ground-water pumpage exported from basin, and ET is evapotranspiration.
The basin selected for this study is that of an unnamed tributary to the Little Neshaminy Creek. This basin is in southern Warwick Township and lies almost entirely within the township. The tributary above the streamflowmeasurement station near Traymore (USGS site 01464930) drains 4.74 mi2 in Warwick, Warminster, and Northampton Townships and Ivyland Borough. The basin is underlain by the Stockton Formation.
Precipitation was measured at two sites in the basin in 1994 and 1995. Average annual precipitation for the 2-year period was 48 in. The average annual evapotranspiration and other losses were 32.1 in., or 67 percent of the annual precipitation. Water-level data from wells BK-1020, BK-1040, BK-1087, and DG-24 were used to estimate the change in ground-water storage. Well DG-24 is located in Warminster Township and is only used in the estimate of ground-water storage change in this report; it has not been given a USGS well number. The average annual change in ground-water storage was an increase of 0.1 in., which was 0.2 percent of the average annual precipitation. The water budget is given in table 6.
RECHARGE
Recharge to the ground-water system comes from local precipitation. Precipitation first replenishes soil moisture and then recharges the ground-water system. Recharge from precipitation depends on the amount and duration of precipitation, topography, surface cover, soil conditions, and bedrock characteristics. Recharge generally occurs in topographically high areas; low areas are normally areas of discharge. Recharge was estimated for the basin of the unnamed tributary to Little Neshaminy Creek for the 1994-95 calendar years (table 7) from the following equation:
where R is estimated recharge, BF is base flow of the stream, AGWS is change in ground-water storage, and GWET is estimated ground-water evapotranspiration.
Base flow is the minimum sustained flow of a stream and was estimated by use of the HYSEP hydrograph separation and analysis program (Sloto and Grouse, 1996) . Change in ground-water storage is from the water budget for the basin shown in table 6. Ground-water evapotranspiration is estimated at 2 in. per year on the basis of ground-water-flow model hydrologic budget simulations (Sloto, 1991) .
Precipitation was less in 1995 (44 in.) than in 1994 (52 in.). Estimated recharge in 1995 (3.8 in.) was less than in 1994 (10.8 in.). The average recharge for the basin was 7.4 in. for the 2-year period. This is equal to a recharge of 555 gal/d per acre.
WATER USE
Water for domestic and nondomestic uses in Warwick Township is supplied from both private and public supply wells. Warwick Township Water and Sewer Authority wells currently supply an estimated 5,000 people with an average demand of 0. 
GROUND WATER QUALITY
Chemical and mineral substances accumulate in ground water from contact with air, soil, and rock. These substances, and the quantity of each present, determine the quality of ground water. Substances that may affect ground-water quality also may be added through human activity.
PHYSICAL PROPERTIES
The physical properties of ground water include temperature, specific conductance, pH, alkalinity, and dissolved oxygen. These properties may change with storage and are measured when the sample is collected. Data for physical properties are presented in table 8.
Specific conductance is a measure of water's ability to conduct an electrical current and is measured in microsiemens per centimeter at 25°C. Specific conductance is directly related to the total dissolved solids (TDS) in dilute solutions. TDS can be estimated from specificconductance measurements. The median specific conductance of eight ground-water samples from the Lockatong Formation is 414 |iS/cm, and the median specific conductance of eight groundwater samples from the Stockton Formation is 398 |iS/cm.
The pH is a measure of hydrogen ions in water. A pH of 7 is considered neutral, lower pH is acidic, and higher pH is basic. The median pH of eight ground-water samples from the Lockatong Formation is 7.0, and the median pH of eight ground-water samples from the Stockton Formation is 6.7.
Alkalinity is the capacity of water to neutralize acid. Alkalinity is produced by dissolved carbonate, bicarbonate, and carbon dioxide and is measured as an equivalent amount of calcium carbonate, in milligrams per liter as CaCO3 . The median alkalinity of eight ground-water samples from the Lockatong Formation is 157 mg/L as CaCO3. The median alkalinity of eight groundwater samples from the Stockton Formation is 133 mg/L as CaCC^.
Dissolved oxygen concentrations in water are expressed in milligrams per liter. The concentration of dissolved oxygen in ground water is related to the amount of oxidizable minerals in the surrounding rock; as these minerals, such as pyrite, oxidize, dissolved oxygen in the ground water is depleted. The median dissolved oxygen concentration of eight ground-water samples from the Lockatong Formation is 5.2 mg/L, and the median dissolved oxygen concentration of six ground-water samples from the Stockton Formation is 2.2 mg/L. This trend is opposite that found by Sloto and Schreffler (1994) , where the median dissolved oxygen concentration in ground-water samples from the Stockton Forma- tion was higher than for ground-water samples from the Lockatong Formation. The higher dissolved oxygen concentration in the Lockatong Formation in Warwick Township is possibly caused by a localized lack of oxidizable minerals.
INORGANIC CONSTITUENTS
Common ions analyzed were calcium, potassium, magnesium, sodium, chloride, fluoride, sulfate, and silica. Nutrients analyzed were ammonia, nitrite, nitrate, phosphorus, and orthophosphate. Metals and trace constituents analyzed were iron, manganese, arsenic, and lead.
COMMON IONS
Common ions dissolved from rock and soil comprise most of the dissolved solutes in ground water, although some solutes were originally dissolved in precipitation. Common ions in the ground water in Warwick Township, in order of decreasing concentration, are calcium, sulfate, silica, magnesium, chloride, sodium, nitrate, potassium, and fluoride. Concentrations of each ion are given in table 9. Nitrate is discussed in the Nutrients section.
Maximum contaminant levels (MCL's) and secondary maximum contaminant levels (SMCL's) have been set by the U.S. Environmental Protection Agency (USEPA) for some constituents in drinking water (table 10). MCL's represent concentrations that may cause adverse health effects. SMCL's represent concentrations that may impart objectionable characteristics to water, such as bad taste or odor.
Solutes in ground water are dissolved primarily from rocks and soil, although some originate in precipitation. IDS is a measurement of the total solutes in ground water. The median concentration of TDS in eight ground-water samples from the Stockton Formation was 233.5 mg/L. The median concentration of TDS in eight ground-water samples from the Lockatong Formation was 240 mg/L. One sample exceeded the USEPA SMCL of 500 mg/L for TDS; the sample was from well BK-2778 in the Stockton Formation.
Chloride in ground water may be derived from natural sources or it may come from anthropogenic sources, such as fertilizers, road salt, or septic systems. Of 16 water samples, none exceeded the USEPA SMCL of 250 mg/L for chloride.
Sulfate in ground water comes from minerals such as gypsum, anhydrite, and pyrite. These minerals are common in sedimentary rock. The median sulfate concentration of eight groundwater samples from the Stockton Formation was 30 mg/L. The median sulfate concentration of eight ground-water samples from the Lockatong Formation was 33.5 mg/L. One of 16 samples exceeded the USEPA SMCL of 250 mg/L for sulfate; the sample was from well BK-2778 in the Stockton Formation. Water from this well also had the highest calcium concentration (130 mg/L) and lowest iron concentration (less than 3.0 |ig/L); this suggests that gypsum (CaSO4 -2H2O) or anhydrite (CaSO4), rather than pyrite (FeS^, is the source of sulfate. Gypsum is sometimes found interbedded with Triassic-age sedimentary rocks. Water from well BK-2778 also had the highest concentration of TDS (562 mg/L) because of the high concentrations of calcium and sulfate.
NUTRIENTS
Nitrogen and phosphorus are essential nutrients for plant growth. Nitrogen in water is found as nitrate (NO3), nitrite (NO^, and ammonia (NH4); phosphorus is usually found as a form of the orthophosphate ion (P5+). Excessive amounts of nutrients usually indicate groundwater contamination. Sources of contamination include sewer and septic systems, animal waste, and fertilizers. Concentrations of nutrients in water samples collected in Warwick Township are given in table 11.
The prevalent nitrogen species in ground water is nitrate. The median concentration of nitrate in eight ground-water samples from the Stockton Formation is 2.8 mg/L. The median concentration of nitrate in eight water samples from the Lockatong Formation is 2.0 mg/L. Of 16 samples, none exceeded the USEPA MCL of 10 mg/L for nitrate concentration. The median concentrations of nitrite, ammonia, and phosphorus species in water samples from both formations were less than or equal to 0.02 mg/L.
METALS AND OTHER TRACE CONSTITUENTS
Metals, such as iron, manganese, and lead, and other trace constituents, such as arsenic, are normally present in low concentrations in ground water and are usually dissolved from the soil or bedrock, although some may come from human sources or precipitation. Lead in tap water may leach from pipes, joints, or fixtures in Iron, 3  <1  <1  5  3  <1  <1  12  4  2  14  <1  <1  6  <1 - The USEPA has established MCL's and SMCL's for iron, manganese, and arsenic (table 10) . For lead, the USEPA has established an action level of 15 H-g/L; this means that corrective action must be taken if the concentration exceeds this level in 10 percent of water samples collected during any monitoring period. The USEPA action level for lead was exceeded in water from 1 well of 16 sampled; the sample was from well BK-958 in the Stockton Formation.
Iron and manganese in ground water may affect taste and cause staining if concentrations are elevated. Of the 16 wells sampled in both formations, none exceeded the USEPA SMCL's of 300 and 50 |Xg/L set for concentrations of iron and manganese, respectively. None of the 16 water samples exceeded the USEPA MCL of 50 H-g/L for arsenic.
VOLATILE ORGANIC COMPOUNDS
Volatile organic compounds (VOC's) originate from human sources. They are used in domestic, commercial, and industrial applications. Many VOC's are suspected or proven carcinogens and pose serious problems for water producers and consumers. VOC's originate from spills, storage tank leakage, lagoons, and disposal sites and are difficult and expensive to treat or remove.
Water samples from five wells (BK-2758, BK-2771, BK-2778, BK-2816, BK-2825) in areas of suspected contamination were analyzed for VOC's. The USEPA has set MCL's for only a few VOC's (table 10). Samples were analyzed for 61 compounds, and 8 compounds were detected (table 12). The most commonly detected compound was methyl tert butyl ether (MTBE) (four of five wells). The USEPA has set MCL's for four of the eight compounds detected. One of five samples exceeded the USEPA MCL of 5 |j,g/L for trichloroethylene (TCE) . The highest concentration of total VOC's for a single well was 47.2 H-g/L; the highest concentration for a single compound was 41 |j,g/L for TCE. The concentrations of most compounds detected, however, was less than 2.0 jig/L. MTBE is a low-cost oxygenate that is added to gasoline to increase its octane level and reduce carbon monoxide and ozone in exhaust emissions. MTBE is released to the air from industrial sources, fueling operations, and vehicles; it is released to the ground from fueling operations and spills. MTBE is soluble in water; it is picked up in the air and soil by precipitation and carried to ground water. In 1993, MTBE ranked second among organic chemicals produced in the United States; it was the second most frequently detected VOC in water from urban wells (Squillace and others, 1995) . MTBE is not yet regulated, but the USEPA draft drinking water lifetime health advisory should fall within the range of 20-200 |Xg/L; this is the maximum concentration of MTBE in drinking water that is not expected to cause adverse effects over a lifetime of exposure. Detectable levels of MTBE were found in four of the five wells sampled in Warwick Township; the highest concentration detected was 8.1 ^ig/L in well BK-2758.
RADON
Radon is a naturally occurring, chemically inert gas found in the atmosphere or dissolved in ground water. It is a product of the radioactive decay of radium-226 in rocks. Radium-226 (halflife 1,620 years) is a daughter product of the radioactive decay of uranium-238, which has a half-life of 4.5 x 109 years. The uranium-238 decay series products account for most of the radioactivity in ground water. Radon-222 (halflife 3.8 days) is the most common radon isotope. It is a colorless, odorless, water-soluble gas that decays by alpha-particle emission. Radon-222 activity is measured in picoCuries per liter.
Although radon-222 is a daughter product in the uranium-238 decay series, its activity in water is determined by geochemical processes rather than abundance of the parent isotopes. Senior and Vogel (1995) found that elevated radium activity in ground water is associated with low pH. This may account for the median activity of radon-222 in ground water from the Stockton Formation exceeding the median activity of radon-222 in ground water from the Lockatong Formation, even though some black siltstone beds in the Lockatong may contain relatively high concentrations of uranium . The median radon-222 ground-water activity in the Stockton Formation for six wells was 2,300 pCi/L, and the median radon-222 ground-water activity in the Lockatong Formation for eight wells was 1,450 pCi/L. Warwick Township encompasses 11.14 mi in south-central Bucks County. Virtually all of the township is underlain by the Triassic-age sedimentary rocks of the Stockton and Lockatong Formations, which consist primarily of shale and sandstone. These rocks have little primary porosity, and ground water moves through an interconnected network of secondary openings joints, fractures, and bedding-plane separations. The ground-water system consists of a series of permeable, high-transmissivity beds that form aquifers separated by less permeable, low-transmissivity beds that form confining or semiconfining units. This leaky, multiaquifer system may have a different hydraulic head in each water-bearing zone. Most wells penetrate multiple water-bearing zones, and hydraulic heads in these wells are a composite; this may cause water levels to be different in nearby wells with different depths. Ground water in the weathered zone is unconfined; ground water below the weathered zone is confined or semiconfined.
On the basis of the median specific capacity of domestic and nondomestic wells, the Stockton Formation is the more productive of the two hydrogeologic units. The Stockton Formation also has higher median domestic and nondomestic well yields (19 gal/min and 125 gal/min, respectively) than the Lockatong Formation (15 gal/min and 32.5 gal/min, respectively).
Water levels fluctuate in response to recharge-to and to discharge-from the groundwater system. Recharge is from precipitation and discharge is to pumped wells, streams, and evapotranspiration. Water levels usually rise in late fall, winter, and early spring when recharge is highest and evapotranspiration is lowest; water levels generally decline in late spring, summer, and early fall when evapotranspiration is highest and recharge is lowest. The median depth to water for domestic and nondomestic wells in the Stockton Formation (70.2 ft and 36.9 ft, respectively) was greater than for the Lockatong Formation (33.6 ft and 29.4 ft, respectively).
A water budget was calculated for the unnamed tributary to Little Neshaminy Creek at Traymore for 1994-95. The average annual precipitation for the period was 48 in. Average annual evapotranspiration and other losses were 33.5 in., average annual streamflow was 15.2 in., and the average annual change in ground-water storage was an increase of 0.1 in. The estimated recharge for the basin was 10.8 in. in 1994 and 3.8 in. in 1995. The average recharge for the basin was 7.4 in. (555 gal/d per acre) for the 2-year period.
The specific conductance of water from wells in the Stockton Formation (398 jiS/cm) and Lockatong Formation (414 jiS/cm) was similar. The median pH of water from wells in the Stockton Formation (6.7) is slightly acidic; the median pH of water from wells in the Lockatong Formation (7.0) is neutral. Median alkalinity of water in the Stockton Formation (133 mg/L as CaCO3) was similar to that in the Lockatong Formation (157 mg/L as CaCO3). The median concentration of dissolved oxygen in water from wells in the Stockton Formation (2.2 mg/L) was lower than in water from wells in the Lockatong Formation (5.2 mg/L).
Common ions found in the ground water of Warwick Township, in order of decreasing abundance, include calcium, sulfate, chloride, magnesium, silica, sodium, nitrate, potassium, and fluoride. One of 16 samples exceeded the USEPA SMCL for sulfate, and 1 of 16 samples exceeded the USEPA action level for lead. These two wells were in the Stockton Formation. The median concentrations of IDS in the Stockton and Lockatong Formations were similar (233.5 mg/L and 240 mg/L, respectively). The USEPA SMCL for TDS was exceeded in 1 of 16 samples; the well was in the Stockton Formation.
The prevalent nitrogen species in ground water is the nitrate ion. The median concentration of nitrate in ground water in the Stockton Formation was 2.8 mg/L; the median concentration of nitrate in ground water in the Lockatong Formation was 2.0 mg/L. Concentrations of nitrite were 0.01 mg/L as N or less for all samples. No samples exceeded the USEPA MCL for nitrate or nitrite. The median concentrations of ammonia and phosphorus species for both formations were less than or equal to 0.02 mg/L.
Water samples from five wells were analyzed for VOC's. VOC's were detected in four of the five wells. One sample exceeded the USEPA MCL for TCE. The most commonly detected compound was MTBE (four of five wells). The highest concentration for a single compound was 41 jig/L (TCE).
Water samples from 14 wells were analyzed for dissolved radon-222 activity. The median radon-222 activity was higher in water from wells in the Stockton Formation (2,300 pCi/L) than in water from wells in the Lockatong Formation (1,450 pCi/L). Primary use of water: C, commercial; H, domestic; I, irrigation; N, industrial; P, public supply; U, unused.
Elevation of land surface is estimated from topographic maps. Datum is sea level.
Topographic setting: P, flat; H, hilltop; S, hillside; V, valley; W, upland draw.
Hydrogeologic-unit codes: 231SCKN, Stockton Formation; 231LCKG, Lockatong Formation.
Water level is in feet below land surface. P, flowing.
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